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Theinterpretation

SUMMARY

ofmeasuredimpactpressuresina rarefiedgas.
isreviewedan~availableanalysesare-summ&ized.Experimmtalre=ults
arepresentedforsource-shapedimpacttubesforMachnumbersbetween2.3
and3.6 andRemoldsnumbersfrom2Sto804. Thedatashowthatthe
Raylei@formularequirescorrectionforconditionswheretheratioof
MachnumbertoReynoldsnumberisgreaterthanO.01S,wheretheReynolds
numberisbasedontheimpact-probediameterandfree-streamconditions.
ThemaximumcorrectiontotheRayleighformula,obtainedatthelow
pressurelimitoftheexperhentalequipment,was13percent(whenthe
ratioofMachnumbertoReynoldsnumberwasO.093).

INTRODUCTION

Oneofthebasicinstrumentationtechniquesinaerodynamicsinvolves
insertionofa probeintotheflowfieldandmeasurementofa pressure
atanorificeortaplocatedattheprobesurface.Bymeansofanappro-
priateanalysisfora givenprobeshape,orbydirectcalibration,the
measuredpressurecanberelatedtocertainpropertiesofthegasflow.
A commonexampleofthisprocedureistheuseofanimpactortotal-head
tulkwhichgivesa pressurethatisrelatedtotheMachnumberandstatic
pressure(reference1,p.77),ortwoequivalentquantities,byananaly-
sisbasedontheassumptionofa nonviscous,compressiblefluid.This
analysisfailswhentheviscousforcesbecomeappreciablecomparedwith
theinertiaorpressureforcesinthefluid;thatis,whentheReynolds
numberbecomessufficientlysmall.Thebehaviorofanimpacttubeina
viscous,incompressiblefluidatlowspeedswasexambedbyHomann(ref-
erence2). Recently,theanalysiswasexbendedtoincludecompressibility
effects(reference3),withtheresultthata measuredimpactpressure
wasfoundtoberelatedtoa ReynoldsnumberinadditiontotheMach
numberandstaticpressure.Theconclusionsofreference3 wereverified
approximatelybyexperimentalworkperformedatsubsonicspeeds(refer-
ence4). Fora sufficientlyrarefiedgas,wherecontinuumtreatments

.
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2 NAOATN2210’

failbutthemethodsofkinetictheoryareapplicable,ananal@icalsolu-
.

tionrelatingan-act pressuretofree-streamconditionsexists(ref-
erence~)andhasbeenverifiedpartiallyinamolecular-beamapparatus .
(reference6). Norestitshavebeenavailableinthetransitionregion
betweencontinuumandextremelyrarefied(free-molecular)flowconditions.

Thepurposeoftheexperimentalinvestigationsummarizedinthe
presentreportwastodeterminethemagnitudeanddirectionofdeviations
fromtheRayleighformula(reference1,p. 77) fora source-shapedimpact
tubeina supersonicairflowatlowReynoldsnumbers.Theexperimental
resultsareindicativeoftheeffectstobeexpected”forimpacttubes
usedathighaltitudes,orinsupersonicorhypersonicwindtunnelspr-
oducingrarefied-gas“streams.

ThisworkwasconductedattheUniversityofCaliforniaunderthe
sponsorshipandwiththefinancialassistanceoftheNationalAdvisory
CommitteeforAeronauticsandwasundertheimmediatesupercckionof
ProfessorsR.G.Folsom,E.D.Kane,andS.A.SchaafoftieDepartment
ofIhgineertigatBerkeley.
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SYMBOLS

local.soundspeedingas,consistentunits

constantinequation(13),202°F absolute

probediameter,inches

constantdefinedinequations(2),(3)>and(4)

Machnumber(V/a)

gaspressure,micronsof~rcury

gasconstant(p/pT)

Reynoldsnumber(Vdp/U)

speed’ratio(M@

gastemperature,% absolute

stagnationorreservoirtemperature,OFabsolute

gasvelocity,consistentunits

variableindefiniteintegraldefiningerrorfunction
erfS

.

-- .-”” — ---”.—’ -—.- --””-—— “——--— -. .

*

- _____

.

.



NACATN22;0 3

.

.

,

a,‘~, 6 constants

Y ratioofspecificheats(1.40forair)

w gasviscosity,poundspr secondper-foot

P gasdensity,consistentunits

PO gasviscosityat )$O°F absolute(equation(13)),
poundspersecondperfoot

@l functiondefinedinequations(2),(3),and(4)

$ dimensionlessgroupdefinedbyequation(U) of
reference7

Subscripts:

i impact

s static

1 conditionsbehindnormalshockwave

2 quanti~measuredatsurfaceofcone(probe1S)

SUMMARXOFAVAIIAELEANALYSESFORIMPACTTUBES’

TheRayleighformulahasbeenappliedtointerpretationofimpact-
pressuremeasurementsunderflowconditionswheretheassumptionsofa
nonviscous,compressiblegasareapplicable.TheRayleighformulacan
bewritten(reference1,p.77)

Pi—
Ps

()Y+l~2 Y/(Y-l)

2=
-l/(y-l).

( )&M2_~
y+l y+l

(1)

andresultsfromconsiderationofa stabationlineflowthrougha normal
shockfollowedbyanisentropicdecelerationtozerovelocityatthe
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4 NACATN2210

stagnationpoint.Equation(1)indicatesthattheimpactpressureis
a functionsolelyofthefree-streamstaticpressureandMachnumber.

Reference3 retainstheassuntptionsofa s&nationMe flow
througha normalshockwavebutincludesviscouseffectsinthesubsonic
flowfieldbymeansofa boundary-layersnalysis.Theresultcan&
written

()g=Pi
( )

~2
— + *M2.7-l Y1 %

Ps ‘sequation(1)
y+ll?el ~+ K1

Equation(2)indicatesthatthemeasuredimpactpressureequals
impactpressurecomputedfromequation(1),plusa ‘Icorrectionti

(2)

the
term.—

wfichbecomesincreastiglyimportantas theReynoldsnumberdecreases.
Thefunctions@l and K1 inequation(2)dependonthe.shapeofthe
impacttube.Fora fdl sphere;reference3 gives

K1= 0.457
}

andfora hemispherejoinedtoa cyWxier,reference4 gives

K1= 0.h57

$3)

(4)

Tsien(reference8) pointedoutthatsufficient~highvaluesofthe.
MachnumberandlowvaluesoftheReynoldsnumbercharacterizedentry
intoa regimeofllslipilortransitionflowandrenderedtheoretical
treatmentsdifficultbyrequiringconsiderationofa viscous,compres- .
siblefluidand~ me-g bou&iary
therefore,thatequation(2),derivkd
wouldbecomeinvalidforsufficiently.

.
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conditions.Itwouldbee~ected,
@ a continuumfluidanalysis,
smallReynoldsnumbers- thatis,
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fora sufficientlyrarefied
of-ma@,tudeestimate,that—

5

gas. Reference8 suggested,asanorder-
a contfiuumsmlysismightbecomsinvalid

when Ml@e isgreatepthanapproximately0.01.
.

Themethodsofkinetictheoryareapplicabletointerpretationof
animpacttubeinanextremelyrarefiedgas(M/Reisgreaterthan
approximately10accordingtoreference8). l?eferences analyzesthis
situationandshowsthatanimpactpressuremeasuredina restmvoirat
theendofa straighttubeisrelatedtotheMachnumberandstatic
pressureinthefreestreambutalsodependsonthegeomet~(ratioof
titernallengthtodiameter)oftheimpacttubeandthetemperatureratio
betweenfreestreamandreservoir.Thistheoreticalresulthasbeen
verifiedpartiallyina molecular-beamapparatus(reference6).

Inordertocomparethefree-molecular-flowanalysiswi~ equa-
tions(1)and(2),considera specialcaseofa sphericalimpacttube
witha sharp-edgedpressure-orifice(fig.1). Thisspherediameteris
sufficientlysmallcomparedwiththegasmolecularmeanfreepathso
thata shockwavewillnotoccur.Theinternalbaffleisprovidedso
thatmoleculesenteringtheorificewillstrikea surfacebeforeentering
theconnectiontothepressure-sensitiveelmm?nt(anassumptionofthe
free-molecular-flowanalysis). Forconditionsoffigure1,reference~
givestherelation

Pi
[[
Ti 42

—=~ePs 1+S$(l+erfs) -

wherethespeedratioS isrelatedtotheMachnumberM by

(5)

S = M~y/2

and

ThsratioTi/Tsmustbedetepninedfromheat-transferconsiderations
ormeasuredasanadditionalquantity.Forthepurposeofthiscow
parisonbedxveenimpact-tubeformulas,theanalysisofreference? can
beusedtoapproximatethetemperatureratioTi/Ts. Fora flatplate

— —-. . _.______ ———-.—=—.. —-— .- ——— —-. . —-— ..-—- .-
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6 NACATN2210
.

.

normaltothemacroscopicflowdirection,withtheadditionalassumptions
.

thatradiation
insulated,the

.

isabsentandthatthein%rioroftheimpacttubeis
resultis ...
.. .

3Ti oS2+*+1. —=
Ts

(6) “

wherey isshowninfigure~,reference7, asa functionof S
(or U/Vm tithenomenclatureofthatpaper).Substitutingequation(6)
in equation(s)@ves

.
~=[~(~+1+*]U2~-% +~(l+erfM~~ ‘ (7)

Equation(7) relatespi/pS to a functionof M (or S)onlyandcanbe
comparedwithequations(1)and(2)forair(y= 1.40).‘l%eresultis
shownh figure2,whichindicatesthestatusoftheoreticalinformation
oninterpretationofimpacktubsreadiqgsin.ararefiedgasatsuper-
sonicspeed9.

.
.

Examinationoffigure2 indicatesa needforfurtherexperimental
andtheoreticalinvestigationofthefollowingproblems:

(1)Whatarethq‘limitsofapplicabilityoftheRayleighformula
(eauation(1))?Cantheselimitsreformulatedintermsofthecommon
f16w

what

param&ers,MachandReynoldsmuibers?

(2)Istheanalysisproposedbyequation(2)valid?Ifso,within
limits- thatis,forwhatdegreeofrarefaction?

(3)An@ro=d ewer~nW Wrificationisneededfortheresults
ofreference6 (ofwhichequation(s)isa specialcase).

(4)Theoreticalande~er~ntil resfitsareneededfortheentire
transitionregion,whereitisknovn,thatneithertheRayleighformula
norreference3 isapplicable..

(~)Theeffectof@ackprobe geo~tryand~uleofattackmust
bedeterminedforallflowregimes.

Thepresentreportisconcernedwith’anexperimentalinvestigation
‘ofthefirsttwoprobletie-numeratedabove,fora single-impact-tulm
geometryatzeroangleofattack.

,

. .
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EXPERIMENTALAPPARATUS

7

Alltestworkwasperformedina low-densitysupersonicwind
tunneljknownastheno:3 tid tunnel,whichis-describedindetail
inreference9. Thetwo-ymmetricnozzkls(2and3) that wereused
haddiametersattheexitplaneof~ and

%
inches,respectively.

Nozzle2 gaveMachnumbersfrom2.3 to2.8, whilether&ge ofnozzle3
wasfrom2.8 to3.6. ThecorrespondingReynoldsnuntmrvaluesextended
from170(perinchcharacteristicdimension)for M = 2.3to930for
M= 2.8 withnozzle2,andfrom230for M = 2.8 to1830pertich
for M = 3.6tithnozzle3. Thedesignofnozzle2 iscoveredinrefer-
ence10;thatofnozzle3,inreference9.

Threeimpacttubs wereusedduringthisinvestigation(figs.3
and4). Alltubeshadsource-shapedprofilesandweregeometrically
similarthroughout.Thecriticaldimensionswere:Outsidediameters,
0.1S0,0.300,and0.600inch’withholediametersof0.030,0.060, .
and0.120inch,respectively.Theminimm-size(0.lso-in.diamter)
impacttubewasselectedontime-responseconsiderationsusingthetech-
niquepresentedinreferenceIl. Themaximum(0.600-in.diameter)was
selectedafterevaluatingthenatureoftheveloci~distributionin
thetestsection.TheO.300-inch-diameterhpacttubehadbeenused
extensivelyprevioustothisinvestigationtodetermineflowconditions
innozzles2 and3. Thethreeimpacttubespermittedteststobemade
forReynoldsnumbersfrom2Sto556(basedonhpacbtubediameter)in
nozzle2 andpermittidtheReynoldsnumberrangetobeextendedfrom3S
to804innozzle3.

A U-tubemanometer(seefig.~)filledwitha low-vapor-pressure
oil(butylphthalate)wasusedtomeasurethe@act pressuresthrough-
outthefour.runs.Thereferencelegofthemanometerwasconnectedto
a pumpsystemwhichmaintaineda pressureofapproximately0.1micronof
mercury,andtheotherlegwasconnectedthroughflexibletubingtothe
impacttubemountedinthetestsection.Twoopticalelementshavebeen
incorporatedintothemanomstertohelpminimizereatigerrorsandalso
tolesseneyefatigue.Thetige ofthemeniscusinthereferenceleg
canbemadetocoincidewitha crosshairontheright-handscreen.The
left-handscreenthencanbeadjustedtobringtheimageofthe“meniscus
intheleftlegofthemanometerintopositionbymane ofa micrometer
screw● Theimpactpressureininchesofoilisthenreadusingthescale
andvernieronthemicrometerscrew.Theleastcountofthemanometer
vernieris0.001inchandexperiencehasshownthatreadimscanbe

‘O.000~incho;appro~telyreproducedto-
wascalibratedbeforeandaftereachrunto
versionandzerocorrectionfactorforthat
mentusedinthisprocedurewasa specially

*1micron.T& manometer
determinethemanometercon-
run. Theprimaryinstru-
builtMcLeodgage,also

/ .
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.. ... . .



8 NACATN2210

showninfigure~. Thisgage,builtwith3/16-tichinside-diameter
.

glasstubing,measuresa madmumpressureof4.40micronsofmercury.
TheleastcountofthesealsisO.~millheterandestimatesaremade, .
withinthisintervalusingtheviewingtelescopeshownmountedonthe
gageframe.Analysisbasedona *O.2~-millimeterreadingerrorshows
thattheprecisionofthisinstrumentis*O.1 micronat~ micronsof
mercuryandtl.OmicronatLOOmicronsofmercury.Onthebasisof
calibrationsmadebeforeandaftereachrun,thepressurereadtigs
obtainedwiththeoil..manometer,whichrangedfrom2$0to1930microns,. shouldhaveanuncertaintylessthant3micronsofmercury.
k

Theflowofgasintothewindtunnelwascontrolledbymeansof
needlevalvesplaceddownstreamfroma gasflowmeter.Themeterwasa
modifiedFischerandPorterairRotometercapableofmasuringflows
rangingfrom1.5to15poundsperhour.Twofloatswerecontainedwithin
thisinstrument.Und&ignatedreadingsintable1 applytothesmaller
flost,whiletheabbreviationIFreferstothelargerflost.

A staticprobe(15)consistingofa Sohalf-angleconejoinedtoa
O.300-tich-diamstercylinder,withpressureofliceslocatedonthecone
surface,wasusedtodeterminethestaticpressureps. Theuseand
interpretationofthepressurereadingsobtainedwiththisprobeare
discussedina latersectionofthisreport. ..

A traversingmechanismwithinthetestsectionoftheno.3 wind
tunnel(refe~nce9)providedmeansformountingandmofigmodelsor
probesinthetestsection.Motorsmountedinsidethevacuumchamber
allowedremoteoperationofthetraversingmechanism.Selsynmotorsand
generatorsgavepositionindicationonstandardfive-placecounters
locatedoutsidethevacuumchamberatthecontrolconsole.TWOWf erent
probescouldbemountedonthenschanismatonetime,andeitherofthe
twoprobesmovedintothetestsectionasrequiredwithoutalterationof
theatistream.

A flow-visualizationtechnique,similartothatdescribedinrefer-
ences1.2and13,‘wasemployedtoprovidephotographsindicatingthe
positionandcharacterofshockwavesassociatedwiththeprobesusedin
thisinvestigation.

EXPERIMENTAL

Thee~erhentalprocedureused
theimpactpressurefora fixedflow

PmEDuRE

throughoutthetestswastonwasure
conditionattheexitplaneofa

nozzlewithtwogeometricallysimilarimpacttubes.,Theflowconditions
werenotchangedwhileonetubewaswithdrawnfromandanothertubewas

.

.
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NACATN2210 9

placedintotheairstreambythetraversingmechanism.The&fore,the
neteffectofthetestswastomeasurecomparativepressurereadingsof
twoimpactprobesina f-d flow,eachprobehavinga characteristic
Reynoldsnuniberdetermined~ theprobediameter.Tworeasonscanbe
givenforusingthiscomparisontechniquetoobserveReynoldsnuniber
effectsonimpact-tubebehavior.First,thereisnoprimarystandard
availableatthepresenttimeforcalibratinga rarefied-gasflowat
supersonicvelocities, sothatsomecomparisonmethodwasnecessary.
Second,readingsmadeduringonerunatoneflowsettingwerenotsubject
toerrorswhichmightoccurifconditionshadtoberesetafterthe
tunnelwasopenedandpreparedfora secondrun.Althougha statictube
wasusedtoinvestigateflowconditionspriortothesecomparisontests
inordertodetermineappro-te valuesof M and Re,thefinaldata8
onimpact-pressurecorrectionsinvolvedtheuseofimpacttubesonly.
Thisprecautionreducedtheuncertaintyduetostatic-pressurereadings.

Fourrunsweremadeduringthisinvestigation,a runbeingdefined
asanunbrokentestingperiodduringwhichtwoofthethreehpacttubes
werecomparedusingonenozzle.Betweenruns,eithernozzlesorimpact
tubeswerereplacedinpreparationforfurthertests.Chronologically,
theserunsinvolvedthefollowiugcomldnationsofnozzleandimpact
tubes.First,theO.l~o-inchand0.300-inchimpacttubeswerecompared
usingnozzle2. Second,theabovetubeswerecomparedinnozzle3.
Third,theO.300-tichandtheO.600-inchimpacttubsweretestedin “
nozzle3. Fourth,thesametubeswerecomparedinnozzle2.

Flowconditionscorrespondingtoa givenflowmetersettingwere
specifiedinthefollowingmanner.Eachnozzlewasoperatedoverthe
entirersngeofflowmetersettingsusedintheinvestigation.Ateach
settingoftheflowmeter,measurementsofpressureassociatedwithan
impactprobe(u) anda static”probe(1S)wereobtainedatthetestsec-
tion.Theimpac~pressurereadingcombtiedwiththeRayleighformula
gavea relationbetweenstreamMachnuniberM sndstaticpressureps.
Usingthenonviscous,compressibletheoryforflowovera cone
(referenceM), thepressuremeasuredbythestaticprobeyieldeda
relationbetweenM and ps. Simultaneoussolutionofthetwoequations
forthetwoprobesgavevaluesof M and ps. ThecorrespondingReynolds
numberwascomputed,with
law,asfollows:

Re

theadditionalassmptionoftheperfectgas

=~, bydefinition
P

P
P&

= RT

(8)

(9)

—.—.— -—— —. . .. . ... . . . --.-.—. .. ——- ____ .. _._. —.
., ... ..- .,. . ~.
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10 NACATN2210

M=+

F

,bgdefinition “ (lo)
RT

(u)

Assumingadiabaticflow,thetemperatureT canbedetermined,fromthe
measuredTo,by (reference1)

To
T=

1+=M2
2

(12)

Thecorrespontigvaluesof w weredeterminedfromSutherland!sformula
(reference15)

TO+C 2312 .

()
kL=Po~T

o 1
10.0X10-6lb/sec-ftat4S0°Fabsolute(reference16)

T

I

(v)
Wo=

c = 202°Fabsolute(reference1s) ‘

With ps expressedinmicronsofmercury,T,in% absolute,k,h
Poundspersecondperfoot,andthecharacteristicdimensiond,in
‘tithes,-thereres~ts

The

the

Re=

Reynoldsnumhrscomputed
conditionsofthetests.

inthismannerare

Afterthetwocorrespondingimpac+pressure

(u)

shownintable1 for

readingsweretakenon
manometerforoneflowcon~tion,theywereconvertedtopressures

inmicronsofmercurybythecalibrationprocedureoutlinedinthe
sectionExperimentalA~aratus.*lThese@ta haveken tabulatedfor
allfourrunsintable1. figure6 isa plotoftheratioof Pi(ool~o)

‘0 pi(O.300)againstflowmetersettingforrun1. Sucha plotwas
maintaineddurtigeachrunandwasusedasa guidetoinsureadequate
coverageofthecriticalportionsofthecurve.

.

.

,

.
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RESULTS

Theimpac~pressuredata,togetherwithpreviousknowledgeofthe
propertiesoftheflowatthesettingsusedM run1,allowtheratio
‘f pi(O.1~0)h pi(O.300)tobeplottedagainsta Reynoldsnumber
basedonthesmallimpact-tubediameter(fig.7). TheReynoldsn-r
rangecoveredinrun1 extendedfrom139to 25fortheO.is-inchimpact
tube,andfrom278toSOfortheO.30&inchimpacttubeovera Mach
numberrangeof2.8to2.3.Figure7 revealedthattheimpact-pressure
readingstakenwiththeO.lSCHnchhpacttubestartedtovaryfromthe.
impact-pressurereadingstakenwiththe0.300-tichimpacttubewhenthe
Reynoldsnumberofthesmalltubewasapproximately~0. Whenthetwo
tubsreadthesameimpactpressure,itwas-assumedthatthisvalue
correspondedtothepressurecomputedfromtheRayleighformula-
‘i(Rayleigh)- forthesam flow.SincetheReynoldsnumbervalueof
t~ 0-.300~fichimpacttubewaslessthanUO duringportionsofrun1,
itwasapparentthatthe@act-pressurereatigstakenwiththe
~O.300-inchimpacttubemustbecorrectedbeforea plotoftheratio

to pi(tiyleigh)of Pi(uas_d) againstReynoldsnumbercouldbe
made.Sucha correctionwas-madeusingthedataplottedh figure7.
Sincetheimpacttubesweregeometricallysimilar,itwasassumedthat
thedtiferenceinpressurereadingsata givenReynoldsnumber“forthe
smallimpacttubecouldbeappliedtothelargerimpacttubewhenthe
largertubeoperatedatthesameReynoldsnumber.Forexample,h run1,
asseenintable1,ata flowmetersettingof79,theO.l~o-inchimpact
tubehada Reynoldsnumkerof71whiletheO.300-inchimpacttubehad~
Reynoldsnumkrof~2. Thedifferenceinimpac+pressurereadings
was1.8percent.Also,fora Reynoldsnumberof139fortheO.1~0-inch -
impacttubeanda Reynoldsnumberof278fortheO.300-inchimpacttube,
notiferenceinimpacbpressurereadingswasnoted.Therefore,itwas
assumedthattheO.300-inchimpacttubegavea pressurereading1.8percent
higherthanthat‘f pi(~yleigh)whentheO.300-inchimpacttubeoperated
ata Reynoldsnumkrof70. Thisproceduregavecorrecteddatawhichwere
plottedinfigure8 astheratioof pi(~asmd) ‘0 pi(~y~i@)

againstReynoldsnumber.Thethreerunsfollowingrun1 gavedatawhich
werehandledina similarmsnner.Figure9 isa plotoftheratioof
‘i(measured)‘0 pi(Rayleigh)againstReynoldsnumberforallfourruns.

Figureslo(a)and10(b)arephotographsoftheO.300-inchimpact
tube(probe~) andtheSohalf-anglestatictube(probe1S). These
photographswereobtainedustigthenitrogen-afterglowflow-visualization
technique(reference12).

. -. ---- . .. . - ..—..-—. .-_-— ___ —— _ ___ —. __ .._-_ _____ .. .—
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12 NACATN2210

.

Figure11isa plotoftheimpactpressures,asmeasured~ the
.

0.300-inchimpacttube(probe~), atvariouspointsacrossthetestsec-
tionofnozzle2. Thefigureillustratesthevariationinimpacbpressure -
distributionsasflowconditionswere&an@d.

DISCUSSIONOFRESULTS

Aswasnotedinthesection%unmsryofAvailableAnalysesfor
ImpactTUIES,’Ireference8 indicatesthatthemethodsofkinetictheory
-areapplicabletointerpretationofanimpacttubeinanextremely
rarefiedgas (M@ isgreaterthanapproximate=10) andalsothatthe
continuumanalysiswouldbecomeinvalidwhentheratioM/@ isgreater
thanapproximately0.01.Thetheorieswhichhavebeenadvancedforthe
regionsoutsidethetransitionrangehavebeenpresentedinthesection
mentionedabove.Thedatagatheredduringthesehvestigationscovera
portionofthetransitionregionne’hrtheestimatedcontinuumlhit
(0.478> M/f%> 0.165,or0.0929>M/Re> 0.0083)andextendovera
Machnumberrangeof2.3to3.6anda lteynoldsnuziberrang6of2Sto804.1

Theratioof pi(~asured)to Pi(~lei@) isplottedagatist
I& (fig.12).‘Itwiilbenotedthatthedatatakenwith‘thetwo
nozzlesdef- twoseparatecurves,withallpointsbutonewithin
klpercentofa falredcurvedrawnthroughthedata.!lhisonepoint
consistentlyfallsoutsidethistoleranceinallplotsandwillbedis-
cussed15terinthissection.Alsoshowninfigure12aretwocurves
defined~ equation(2).Pointsforthesecurveswerecalculatedby
substitutinginequation(2)thesuitableMachnumberandReynoldsnumlx?r
valueswhichweredetermined duringtheexperiment.Twoseparatecurves
aredeftied~ eqyation(2)becauseofthefactthat,fora given‘Reynolds
number,nozzle3 producesa higherMachnumberthannozzle2.

A clifferentpictureispresentedwhentheratioof
pi(measured)ipi(l?ayleigh)isthenplottedagainstM/Re (fig.13).
Forthepurposesofcomparison,thetheoryasdefined& equation(2)is
shownagainanditwillbenotedthatthetheorygivestwoseparate
curvesanddoesnotcorrelatewith l@e althoughtheexperimentaldata
do. A furtherpossiblecorrelationoftheeqxmhnentaldatawith M2/Re
(seetable1)wasalsomade.Itappearedthatthecorrelationwith M/Re

“

,.

lResultsofrecenttestsintheAmes6-inchheat-transfertunnel, s
usingsmallspheric@_-headimpacttubes;checkedpartiallythebasic
assumptionofthispaperthattheRayleighformulaisapplicableatthe
higherReynoldsnumbers(300to800).Thedata,transmittedinformally
tothepresentauthors,showedthatnocorrectiontotheimpactpressure
wasrequiredfora Reynoldsnuniberof390anda Machnumberof2.17.These -
valuesareinagreementwiththepresentresults.

.,. .. .
-. .- -. —.. .. —-— ---- —-. -—. . . --—..,, .
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L showedlessscatterfortheexperimentalpoints.Also,the’curves
obtainedbyusinge uation(2)liemoreclose-togetherwhenplotted
asa functionof 4 Re ratherthan M2/Re.

●

Examinationoffigures12and13indicatesthattheboundary-layer
theoryforimpaqttubes(reference3)appearsinadequatewhenusedin
thesupersonic-flowregion.Althoughthetheoryapproximatelypredicts
thepointwheredeviationsfromtheRayleighformulawillstarttooccur,
themagnitudeofthedeviationstobeexpectedisnotindicatedbyequa-
tion(2).Severalreasonsforthisinadequacyhavebeenproposed.First,
thetheorydoesnottakeintoaccountthepossibleeffectsofslipbound-
aryconditionswhichmayaffectimpact-tubereadingsinthisregion.
Second,figure10(a),a photographoftheO.300-inchimpacttubeobtained
byusinga nitrogen-discharge-glowtechnique,showsthatfora Machn-
berof2.4innozzle2,theshockwave-isappro~tely0.030inchin
frentofthenoseoftheimpacttubewhereitmay& interactingwith
theboundarylayer.Thispossibletiteractioncouldwellnu31i&the
boundag-layerassumptionsusedinderivingthistheory.Third,the
boundaq-layertheoryisa stagnationlinetheoryassuminga normal-
shockwaveanddoesnottakeintoaccountadditionalviscousforces
whichprobablyresultfromthevelocitydistributionbehindthecurved
shockwaveactuallyassociatedwithanaxiallysymmetricbody.

, ItwaspointedoutthatthemagnitudeoftheReynoldsnumberwas
determinedforeachflowmetersettingbymeasurementswithanimpact
probeanda staticprobe.TheprobableerrorinReynoldsnumberfor~
particularrunis~f iculttoevaluate,becausechangesh pressure-gage
calibrations,variations~ ambienttemperature,anderrorsinreading
theflowmeterallcontributetotheReynoldsnumbervariation.Onemethod
ofestimatingthevariationistorecordtheReynoldsnumberobtained
duringmanyrunsfora certatiflowmetersetting.Fora totalofapproxi-
mately20runswithnozzle2,extendingovera periodof6months,the

. variationinReynoldsnumberwasfrom*6percentatthesmallest
flowconditionto4 percentatthelargestflowrate.Sinceoperational
techniques’,andparticularlytheaccuraciesofpressuremeasurements,were
improvedconsiderablywhenthepresentexperimentswereperformed,itis
reasonaliLetoassumethatthemaximumuncertaintyinReynoldsnumberdue
torandomexperimentalerrorsdoesnotexceed*Spercentfornozzle2.
Therewerefewerdatafornozzle3,butfourrunsyieldedvariationsin
Reynoldsnumber,ata fkxedflowsetting,extendingfrom*3,tot2percent
overtheoperatingrange.

Inadditiontothepresumablyrandomerrorsaffectingtheaccuracy
oftheReynoldsnumberdetermination,thereweresystematiceffectspresent.
Thetipactprobewasinfluencedbytheviscouseffectsthatwerethesubject
ofthisinvestigation.ThelowestReynoldsnumberwasSO (basedonthe
0.300-inchprolwdiameterdimension)andoccurredinnozzle2;reference

.-. ------------- —.—— .—. —... ..— ______ .. _=---- -. -.. . .- — ——.-.—_
. . ... . . . . . ,-
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thattheerrorin -pi was5.5percent-Neg~ct~g
a Reynoldsnumbervaluewhichistoohigh~ @pproxi-
Thiswasthemaximumerrorandwaslessforall.other
Referencetofigure13showsthaterrorsofthis

magnitudedonotalteressentiallytheshapeorthestartingpointof
theimpact-pressurecorrectioncurve.

Theproblemofinterpretationofthereadingsofthestatic
probe(1S)remains,withrespecttoitsusdindeterminingthelleynolds
nuz@r. Probe15isa gohalf-anglecone,forwhichthenonviscous
theorygivesratiosofprobepressurep2 tostaticpressurePS

‘rangingfrom1.10to1.23,forMachnuzibersfrmn2.3to3.6.While
viscouseffectsundoubte~occur,probablyintheformofa boundary
layerwhichchangesthepressuredistributionfromthe‘ideallivalues,
theywouldnotbeexpectedtohavea largeeffect.‘A~o-~rcentchange
inthepressureticrementontheconesurfacewouldresultinapproxi-
matelylo-percentchangeinthestaticpressurededucedfromtheexperi-
mental.probepressure.Noexperimentaloradditionaltheoreticalcon-
clusionsareavailableatthepresenttimefortheproblemofviscous,
compressibleflowovera cone.

Sincetheme%suredimpactpressuresfortheentirerangeofexperi-
mentalvariablesarecorrelatedasa functionof M/Re,a singleempirical “
equationcanbededucedwhichrepresentsthedata,asfollows:

pi(&sured)
‘=(5) +&y+’(:Ypi(Rayleigh) .

Theconstants a, ~$and 6 weredetermined,~ successive
fromthedataoffigure13withtheresult:

.

w)

appro-tions,

a = -0.80

- p = 57.0

6 = -370

for 2.3<M< 3.6 and 2S< W < 804.TheCUrVSdefined%Yequa-
tion(15)andthedesignatedconstantsisplottedinfigureI-3andagrees
withtheexperimentalpointswitlxbappro-te~ *O.S percent.Itmust
beemphasizedthatequation(1s)isvalidonlyfortherangeofvariables
coveredinthesetests.ItcanuotbeassumedthathigherMachnumber
conditions;forexample,wi12followequation(1S)eveniftheratioM/Re
hasthesamemagnitudeasthath thepresenttests.Forsufficiently
SmallvaluesofRe- thatis,fora sufficient-rarefiedgas-
equation(1s)clearlybecomesinapplicable,sincetheformulationin

.
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casemustapproachtheform
experimentalwork,covering

’15

indicated~ equation(S).Moreexben-
theentirerangeofvariablesfrom

continu-mtolargemea&free-pa~conditions,isHquiredtoestab~sh
completelytheb&aviorofan-hpacttubeat-supers&icspeedsthrough-
outthetransitionzone.

Itwaspointedoutinthefirstpartofthissectionthatone
experhntalpointconsistentlyfellapproximately3 percentfromthe
curvesdrawnthroughtherestoftheexperhentaldata.Thispetitwas
obtainedduringrun4 withthe0.300-and0.&lO-inchimpacttubesin
nozzle2. Thellachnumlwrwas2.3,theO.300-inchtipacttuh hada
RqnoldsnumberofSO,andtheO.600-inch@act tubehada Reynolds
numberof100.Figure11hasbeenincludedtoshowtheimpact-pressure
variationacrossthetestsectionofnozzle2 forvariousflowmeter
settings.Itisapp&entfromtheimpact-pressureprofilesthatatthe
lowerflowsett3ngs,thatis,atlowerMachnumberandReynoldsnumber
values,viscouseffectschangethestreamprofileanddiminishtheuseful
portionofthetestsection.TheO.&O-inchimpacttutihasbeendrawn
toscaleh figure11toshowitssizerelationshiptotheimpac%
pressureprofiles.FromtherelationshipofthesizeoftheO.&O-inch
impacttubetotheapprox.imate~constantportionofthestreamprofile,
itmaybeassumedthatthelargeimpacttubecanblockthestreamenough
atthelowerflowmetersettingstocausethestreamconditions(as
reflectedintheimpactpressure)tochange~ 3 percent.Thiseffect
didnotoccurwiththesameimpacttubeh nozzle3. However,nozzle3
producesa higherMachnumberandReynoldsnumbrforanequivalentflow
setting,whichmayaccountforthefactthattheonediscrepancyinthe
dataoccurredonlywithnozzle2 atthelowestMachnumberinvestigated.
Thenozzlecharacteristicsofnozzle2werecheckedina supplementary
runwiththe0.300-inch@act tubetoseeiftherewasa possibledis-
tortionwithinthenozzleduringrun4 whichcouldaccountforthisone
discrepancyh thedata.Thesupplementaryrundidnotdiscloseany
suchdistortion,andthevaluesobtainedprevious~werechecked.

CONCLUSIONS
J

Themagnitudeoftheerrorsresultingfromapplicationofthe
Rayleighf oxmulato the pressuremeasuredwith animpacttub in a
rarefiedgashasbeendeterminedexperimentally.Theresults,obtained
withsource-shapedimpacttubesforMachnumbersbetween2.3and3.6
andl?eynoldsnumkersfrom2Sto804(basedontipact-probediameter),
ledtothefollowingconclusions:

.
-. —.. — - — ..—. —.. - —.— .— -.. . ---—.. — —-. — --— .—.— —— ———- —-- — --
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.
1.Thecorrectionwasfoundtobeina’directionwhichyielded

.

measuredimpactpressureshi@erthanthosewhichwouldbecomputed
fromtheRaylei@formulaforthesamefree-streamMachnumberand
staticpressures.Thiseffectish accordancewiththepredictionsof . ‘
thetheoryforviscous,compressibleflow.

2.Theflowconditionsforwhichthecorrectionbecomesnoticeable
arepredictedbyviscous-compressible-flowtheory,butthemagnitude
ofthecorrectionisunderestktedbya factorofapproximately2 for
therangeofvariablescoveredinthepresentinvestigation.

3. Fortheent~ rangeofeqerbmtal conditionsthe data, tithe
formof theratioofthemeasuredimpactpressuretothatpredicted~
theRaylei@formula,arecorrelatedbestasa functionoftheratioof
MachnumbertoReynoldsnumber.Thecorrectiondoesnotexceed1 percent
whentheratioofMachnuuibertoReynoldsnumberislessthanO.01~.This
figureissuggestedasa tentativecriterionforthelhit ofapplicability
oftheRayleighformulaina rarefiedgas.Additionalexperimentalwork
isrequiredbeforethevalidityofthecorrelationcanbedeterminedfor
MachorReynoldsnumbersoutsidetherangeofthesetests.

UniversityofCalifornia
Berkeley,Calif.,February23,19~0
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Figure2.- Comparisonoftheoreticalimpact-tubeequations.Sphericalprobe
insir.
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Probe 19
0.600-inchtubediameter .,

i

i

A1
IProbe 16 .

0.150-inchtube :
diameter ; .

\

Probe
0.300-inchtubediameter
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0.030-inchhole $
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I

1 *
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Figure3.-Impact tubesusedininvestigdio~
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Figure4.- Profiledatafor source-shapedimpacttubes. .

.

..- ... —.—.. . . . .. . ... —— —__ .._ -.-; ..— .—— —.———. . . — . ..-
. .



.
.

.

/

..

:.

,

.

,

.- .. ., ,. . -

,

,- ,.
,,

.

.
.

. .
.

.

8

.

.

●

✎✎



NACATN2210 27
.

1. :.CY . 2’—?T. .‘

Figure5.-U-tubeoilmanometerandMcLeodgsges.
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I
I

(a)Probe14.

Edge of nozzle

1

I

(b)prOb 15.

Figure 1o.-PhotographsofO.XlO-inchimpacttube@rob 14)and5°hslf-angle
statictube(probe15).Gssused,nitrogen;flowmetersetting,80;E@,480
(per@h);M,2.4.(Scale,approx.five-sixthsw size).
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